impervious surfaces, infrastructure, and engineering projects (Leopold 1968; Hollis 1975; 19 McClelland and Valiela 1998; Lee et al. 2006; Dietz and Clausen 2008) . Although urban 20 mangrove hydrology has been shown to be abnormal in some cases, few studies identify or 21 quantify the specific influence of urbanization on hydrology or surface water chemistry.
22
are currently in various phases of implementation. However, apart from sewage discharge, there 1 has been no reported effort to understand how specific components of the urban landscape (e.g. This study aims to characterize and model surface water fluctuations in the mangroves of 7 three watersheds in Puerto Rico, using both long and short-term water level recordings, as well 8 as rainfall and tidal harmonics models. It then uses these models alongside digital elevation 9 models to analyze the flooding dynamics of the mangroves and correlates these, as well as 10 surface water chemical properties, with surrounding land cover along gradients of urbanization.
11
Specifically, this study tests the hypothesis that increasing surrounding urbanization is associated 12 with variations in mangrove flooding and surface water chemistry. These connections must be The San Juan metropolitan area lies within the watershed described as between the Río effluents and storm-water discharge, but greater prevalence of anaerobic zones.
9
Levittown refers to the mangroves associated with the town of Levittown, in Toa Baja,
10
Puerto Rico, which falls within the Río la Plata watershed, just west of the San Juan Bay Estuary.
11
The estuary is composed of an artificial tidal lagoon constructed to drain surrounding settlements 12 and connected to the ocean through a tidal creek and permanent inlet. Little is reported on these tidal connectivity and the temporary influence of precipitation on water levels and salinity
17
(USGS 2011). Levittown median annual rainfall from 2012 to 2017 was 1752 mm (this study).
18
The island's second largest metropolitan area is Ponce, which falls within the watershed 19 described as lying between the Río Inabón and the Río Loco on the southern Caribbean coast.
20
Unlike the other two watersheds, the mangrove sites at Ponce are largely unconnected and do not 21 share the same estuarine conditions. The three mangrove forests within this study were located at Figure 2 A schematic of the spatial sampling routine for the calculation of the urban index and water levels at random mangrove locations throughout the study area. Sampling locations were distributed randomly throughout the mangrove habitat. Land cover within the surrounding 500 meters of these locations was then sampled and used to calculate the urban index. Elevations were sampled at each location and at the nearest piezometer, which were used to calculate the water levels at all locations. 
16
Water Levels
17
Water levels were recorded in 16 locations within the three watersheds in Puerto Rico
18
( Figure 1b ). Piezometer wells were constructed from 2 m segments of 3" diameter PVC tubing.
19
One half of the length of the well was perforated with 1 mm x 1 cm slits placed every 1 cm using 20 a sanding disc attached to a Dremel rotary tool. The wells were caped with PVC caps and one
21
Onset HOBO U20l water level logger was hung from a 1.75 m cable attached to the top cap.
22
Wells were placed in holes excavated at the shoreline using a 3" corer to a depth of 1.5 m. Site precipitation and atmospheric pressure were acquired from varying sources as 8 detailed in Table 2 and assembled into one-hour observations over the five-year period. Hourly 9 observations were collected from wunderground.com using their Weather API feature (Table 2) .
10
For San Juan (SJU), this represented a complete set of observations, but the two other locations 11 required additional data sources and approximations to compensate for large gaps in the 12 wunderground data. Missing precipitation data were filled using daily values from the National
13
Climate Data Center at various stations (Table 2 ). Hourly rainfall from these stations was at each study site are included as Table 3 . Although mangrove nutrition would be more between surface water chemistry and mangrove distribution (Sherman et al. 1998 ). Thus, these 8 Table 2 Weather data sources for the three regions included in the study (San Juan, Ponce, and Levittown, Puerto Rico). NCDC is the National Climate Data Center. Percent of observations are the percent of total rain observations for each watershed that were obtained from the corresponding sources. As with all other analyses, water level modeling was done in the R programming 4 language and a detailed, commented copy of the code can be found at The amplitude, angular frequency, equilibrium phase, phase lag, and nodal corrections for each term contribution from precipitation is thus given as:
Data
In which is the observed precipitation at time t, is the moving average window, and is 12 a dampening constant. Long-term precipitation input was modeled using a moving sum of 13 rainfall data in the form:
In which min is the baseline water level, taken to be the minimum recorded observation, is 16 the observed precipitation in mm, is the moving sum window, and is a dampening constant.
17
Coefficients for both short and long term rainfall contributions were optimized for each location 18 using a BOBYQA optimization, by minimizing the residual sum of squares between the 19 observed water levels and the sum of the tidal and rain models (Powell 2009 ).
20
Using the above equations, the water level at each location at any given time can be 1 predicted by combining the tidal and precipitation components through the equation:
In some cases, optimization resulted in zero contribution from tidal, or short and long-term 4 rainfall contributions. All tidal and rainfall model coefficients are provided in Appendix B.
5
With both the tidal and precipitation contributions to water levels modeled for each 
Mangrove Elevations

13
The above water level models were used to predict water levels throughout the 14 mangroves in the three watersheds of the study. This was accomplished by assuming a planar, resulting elevations were subtracted from that at the piezometer location, and this adjustment was 8 added to the predicted water levels to give a time series of water levels at each point at every 9 hour within the five-year period.
10
Calibration and Validation
11
Models were calibrated using the above described equations and optimization techniques 12 on the first 90% of observations, withholding the last 10% for validation. The optimized models 
RESULTS
1
Model Accuracy and Constituent Importance 2
Water level model fits varied across the systems (Figures 3 & 4) . For the calibration 3 period, all models explain fifty percent or more of the variation in observed water levels (R 2 ) and 4 eight (57%) of the models explain seventy percent or more of the variation in water levels 5 (Figure 3b & 4b) . Mean absolute error (ε) among all models during the calibration period was as faded symbols and are excluded from further hypotheses testing involving flooding dynamics.
12
Constituent influences on the water levels varied in importance across the studied 13 systems (Table 4, Table 5 ). The following percentages represent the contributions of each explained less than 1% of the variation in water levels. In Levittown, the K1, M2 and O1
22
constituents combined and along with rainfall explained 45% and 54% of the variation in water 
M2
1 1 59% 59% 1 55% 55% 1 57% 57% 1 28% 28% K1 2 2 15% 74% 2 14% 70% 2 13% 70% 2 12% 40% O1 3 3 9% 83% 3 9% 79% 3 9% 79% 4 9% 49% RAIN 4 10 0% 83% 10 0% 79% 10 0% 79% 3 10% 60% N2 5 4 2% 85% 5 2% 81% 5 3% 82% 7 2% 61% P1 6 11 0% 85% 11 0% 81% 6 2% 84% 8 1% 63% S2 7 7 1% 86% 7 1% 82% 7 1% 85% 10 1% 63% Mf 8 12 0% 86% 9 0% 82% 9 0% 85% 15 0% 63% Sa 9 19 0% 86% 6 2% 85% 16 0% 85% 5 6% 69% Q1 10 14 0% 86% 15 0% 85% 12 0% 85% 13 0% 69%
ALL ---91% --90% --89% --75%
SAN SUAMAX TOR PIN M2 1 2 1% 1% 1 34% 34% 1 46% 46%
---K1 2 3 1% 2% 2 11% 44% 2 11% 58% ---O1 3 4 1% 2% 4 7% 51% 4 7% 65%
---RAIN 4 1 57% 59% 3 10% 61% 8 1% 66%
---N2 5 7 0% 59% 9 1% 63% 6 2% 68%
1 1 53% P1 6 6 0% 60% 7 2% 64% 7 2% 70%
---S2 7 15 0% 60% 10 1% 65% 9 1% 71%
---Mf 8 5 0% 60% 22 0% 65% 10 0% 71%
---Sa 9 19 0% 60% 8 2% 67% 5 5% 76%
---Q1 10 8 0% 60% 19 0% 67% 11 0% 76%
--- Table 5 Water level model constituents and their importance in explaining variations in the water levels of the selected waterbodies of Levittown and Ponce. The overall rank is that of all waterbodies combined, and the individual ranks are those for each individual water body. "% Exp." is the mean contribution to the explained variance of the observed water levels in iterative models with varying constituent orders. "Cum. % Exp." Is the cumulative percent of the explained variation in the observed water levels for a model containing the constituent and all above constituents. In levittown, rain is the tenth most important constituent in explaining water level variations, and overall the principal lunar semidiurnal tidal constituent (M2) is most important. In Ponce, Rain is the second most important constituent, behind the principal solar semidiurnal (S1 
is the lunar diurnal. M2 is the principal lunar semidiurnal. MF is the lunisolar fortnightly. MM is the lunar monthly. MSF is the lunisolar synodic fortnightly. N2 is the larger lunar elliptic semidiurnal. O1 is the lunar diurnal. P1 is the solar diurnal. RHO1 is a diurnal. S1 is the solar diurnal. S2 is the principal solar semidiurnal. SA is the solar annual. SSA is the solar semi-annual. PSI1 is a diurnal.
27
precipitation and no tidal model could be constructed. At Ponce, the three most important 5 constituents were the two solar diurnals (S1 & P1) and rain. These constituents explained 27%, 6 57%, and 31% of the water level variations at PONMIN, PONMID, and PONMAX, respectively.
7
Rain explained 56% and 31% of the water level variations at PONMID and PONMAX, 8 respectively, and less than 1% at PONMIN. 
26
Ponce was flooded 19% more of the time than Levittown (p < 0.001).
27
Among sites, flooding metrics were variable, and no single site was distinct in all metrics.
28
The dredged portion of Caño Martin Peña (MPNMIN) held the greatest average depth at 10 cm, 29 which was significantly different than all other sites except Torrecillas lagoon (TORMIN)
30
(ANOVA; mean difference = 17 cm, p<0.001). In flooded depth, PONMID was greatest at 22.5 31 cm, which was significantly greater than all other sites except MPNMIN (ANOVA; mean 32 difference = 12 cm, p <0.001). In contrast, SANMIN experienced the lowest average depth at -33 24.6 cm (24.6 cm above water), which was significantly different than all sites except 34 MPNMAX, SANMIN and SUAMIN (ANOVA; mean difference = 21 cm, p < 0.001).
35
Piñones lagoon was exceptional in hydroperiod (flood length), with a median of 20.5 36 days, five times longer than PONMID and at least twenty times longer than the other sites. significance of these models may only be due to the highly urban outlier site of MPNMAX, and
83
none of the models resulted in significant slopes when this site was removed from the analysis.
84
In binomial comparisons of urban and non-urban sites through t-tests, all metrics except flooding 85 frequency were statistically different. These tests suggest urban sites have lower depth but longer 86 hydroperiod and overall lower proportion of time flooded.
87
In testing the response of specific tidal and rainfall constituents to surrounding land 1 cm, respectively, for the J1 and 2SM2 constituents, which may be enough to lead to lower 118 average depths in some urban forests.
119
The potential explanation for a decrease in tidal amplitudes with urbanization is unclear.
120
It's possible this is in response to urban storm water infrastructure, which may exacerbate mangroves are characterized by relatively isolated inland lagoons with little tidal connectivity.
186
As a result, they are more sensitive to precipitation inputs (Rodríguez-Martínez and Soler-López 
